All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The role of soil biota on aboveground and belowground processes is more and more recognized and precisely documented \[[@pone.0237115.ref001], [@pone.0237115.ref002]\]. Specifically, soil structure is one conspicuous product resulting from the activity of large invertebrates, the so-called bioturbators or soil ecosystem engineers (*sensu* \[[@pone.0237115.ref003]\]). Earthworms modify their environments, affecting the dynamics of soil organic matter and nutrient release and influencing the soil structure through the formation of biopores and aggregates \[[@pone.0237115.ref004]\]. The importance of such biological imprint remains less studied than purely physical processes \[[@pone.0237115.ref005]\]. The nature of these aggregates, their accumulation and distribution can affect soil critical processes including soil organic matter (SOM), water infiltration and soil C retention in aggregates \[[@pone.0237115.ref006]--[@pone.0237115.ref008]\].

One of the techniques that can be used to address these questions is near-infrared reflectance spectroscopy (NIRS, 750-2500nm). Itis a non-destructive, cost-effective, accurate and reliable method applied in different scientific disciplines including soil science \[[@pone.0237115.ref009]--[@pone.0237115.ref013]\]. Each biogenic structure in the soil has a specific NIRS signature, different from the surrounding soil \[[@pone.0237115.ref014]\]. This characteristic allows researchers to describe a typology of biogenic structures that relates to the organism which produced them. The NIRS technique has been widely used to assess the origin of aggregates such as biological, physical or root aggregates \[[@pone.0237115.ref015], [@pone.0237115.ref016]\], to identify the physical structures produced by soil ecosystem engineers \[[@pone.0237115.ref014], [@pone.0237115.ref017]--[@pone.0237115.ref019]\], and their age \[[@pone.0237115.ref020]\] and in soil quality studies \[[@pone.0237115.ref021]--[@pone.0237115.ref024]\].

Studies on the characterization of NIR spectral signals of soil aggregates contribute to quantify the functional role of soil ecosystem engineers and, particularly, earthworms \[[@pone.0237115.ref020]--[@pone.0237115.ref025]\]. Despite the scientific advances of those studies, the lifetime, degradation rate and the functional role of such structures in soil organic matter dynamics (SOM) is not well known, especially in field conditions. Zangerlé et al. \[[@pone.0237115.ref020]\] succeeded to discriminate the age of casts produced by the earthworm *Aporrectodea caliginosa* (Savigny, 1826) under laboratory conditions into three age classes (0 to 2, 3 to 30 and 45 to 90 days). The main difference in the NIR spectra signals was due to the loss of N in the biogenic structures until the signal camouflaged with the "bulk" soil. The prediction ability of NIRS to distinguish the origin (which species) and age (when was it produced) of soil aggregates in natural field conditions should be tested and validated \[[@pone.0237115.ref020]\]. As a result, a library of NIR spectral signals in existing ecosystems and under different field conditions should be generated to identify the origin of soil aggregates and its temporal degradation dynamics.

In another study Zangerlé et al. \[[@pone.0237115.ref025]\] succeeded to link NIR spectra of fresh casts, i.e. recently deposited on the soil surface, with their C contents. The question arises for what remains unknown, i.e., are we able to identify in field conditions and in the soil matrix the aggregates produced by a community of earthworms and when such structures were produced? The hypothesis tested in this study was that the origin of aggregates and their temporal dynamics can be distinguished in the soil matrix.

The main objective of our research was to unveil the contribution of earthworms in soil aggregation and soil organic matter (SOM) dynamics \[[@pone.0237115.ref026]\] in mountain soils. Secondary objectives were to (1) explore the capacity of NIRS to discriminate the age and origin (species) of a given soil aggregate (ped) under field conditions in subalpine pastures, and (2) obtain a NIRS library of earthworm casts (fresh and aging), and of biogenic soil aggregates, i.e., those of animal-origin and those attached to roots. It is expected that the combined NIRS-PLS methodology used in our study can be replicated with other earthworm communities and soil invertebrates producing biogenic structures.

Materials and methods {#sec002}
=====================

Study site {#sec003}
----------

The study was conducted in the subalpine grasslands of the Ordesa and Monte Perdido National Park (OMPNP; 42°36'N, 0°01'E) in the Spanish Central Pyrenees. The climate is alpine, with annual average temperature and precipitation of 5 °C and 1,720 mm, respectively \[[@pone.0237115.ref027]\] (last 29 years at 2,200 m a.s.l.). The parent material is mainly calcareous substrates such as limestone, sandstone and flysch \[[@pone.0237115.ref028]\]. Extensive domestic grazing (goat, sheep and cattle) has been conducted during centuries in the area. Mountain grasslands of Central Pyrenees are facing physiognomic and physiologic changes related to socio-economic factors and climate trend. Grazing activities in the Pyrenees have shifted from sheep to cattle ranching and extensive husbandry has declined in the last decades \[[@pone.0237115.ref029], [@pone.0237115.ref030]\]. We thank permissions to access the research site by the mayor of the village of Fanlo (Huesca).

The sampling area shows evidence of livestock use (e.g., presence of cattle dung) at medium-stocking rates, and where gentler slopes allow cattle to move with less restrictions. The selected area is characterized by plant species within the Alliance *Bromion erecti* Koch, with *Festuca rubra* L., *Agrostis capillaris* L., *Trifolium pretense* L., *Lotus corniculatus* L. as dominant plant species \[[@pone.0237115.ref028], [@pone.0237115.ref031]\].

Soils where samples were taken are classified as Phaeozems by World Reference Base system \[[@pone.0237115.ref032]\]. They are characterized by high organic matter (OM) contents (11.9 and 5.8%), and pH (H~2~O) ca. 7.1 and 7.3, and clay-loam and clayey texture for 0--20 and 20--50 cm soil depth, respectively \[[@pone.0237115.ref033]\].

Soil macrofauna assessment and topsoil morphology analysis {#sec004}
----------------------------------------------------------

In August 2014, earthworms and other soil macrofauna were hand-sorted in the field from five soil blocks of 25×25×20 cm^3^ (ISO23611-5:2011). The soil cores were taken in a 400 m^2^ quadrat, four in the corners and one in the center ([Fig 1](#pone.0237115.g001){ref-type="fig"}). Earthworms and macrofauna were taken to the laboratory, where they were washed and preserved in 4% formalin (10% of the commercial dilution) and 70% ethanol (macrofauna).

![Experimental design and sampling strategy used in this study.](pone.0237115.g001){#pone.0237115.g001}

Earthworms were identified following available keys \[[@pone.0237115.ref034]--[@pone.0237115.ref036]\], and ascribed to the main ecological categories: epigeic, endogeic or anecic \[[@pone.0237115.ref035]\]. Soil macrofauna was ascribed to the main taxa groups.

The technique used to assess soil morphological analysis was derived from the "small volume" approach \[[@pone.0237115.ref015], [@pone.0237115.ref037]\]. In the area where soil macrofauna sampling was performed, nine soil cores of 10×10×10 cm^3^ size were taken ([Fig 1](#pone.0237115.g001){ref-type="fig"}), carried to the lab. Soil macro-aggregates, i.e, larger than 0.250 mm where hand-sorted and separated into the following categories:

1.  Invertebrate biogenic aggregates (BA): In general, these are produced by macroinvertebrates (mainly earthworms, Coleopteran larvae, and Diplopoda) and have generally rounded shapes and darker color than other soil aggregates. Earthworm casts generally comprise embedded round and concave structures corresponding to successive defecations of soil material into the galleries and macropores that they have previously created. Other macro-aggregates were included in this category whenever galleries or other structures associated with large invertebrates were visible on at least one side of the aggregate.

2.  Root biogenic aggregates (RA): These are those aggregates attached to roots; if they have been produced by invertebrates, they are considered as "biogenic".

3.  Physical aggregates (PA): These aggregates are mainly the result of physical processes (e.g., drying and rewetting of the soil).

How to effectively distinguish biogenic from physicogenic aggregates is key and it depends on the training of the observer/collector. When multivariate analyses are performed with this technique they are clearly separated in the factorial plane (see works by \[[@pone.0237115.ref015], [@pone.0237115.ref016], [@pone.0237115.ref018], [@pone.0237115.ref019], [@pone.0237115.ref022], [@pone.0237115.ref025], [@pone.0237115.ref038], [@pone.0237115.ref039]\].

The different types of aggregates (BA, RA, PA) were grounded after air-drying in the lab during several days. Each item separated during morphology analysis was weighed after drying to constant weight. Visible and near infrared (VNIR) spectra of the three types of aggregates and non-aggregated soil were obtained in a NIR spectrophotometer (ASD spec^®^) with a 350 to 2500 nm spectral range.

Species rearing in the lab {#sec005}
--------------------------

One lab experiment was performed to obtain a reference library of NIR spectra of casts of different incubation times for all species. By the time of sampling, the species *Aporrectodea rosea* Savigny 1826, *Lumbricus friendi* Cognetti, 1904 and *Prosellodrilus pyrenaicus* (Cognetti, 1904) were collected in the field and reared in the lab. Mesocosm units were prepared with soil from the same area that was previously air dried and sieved at \<2 mm. 200 g of air-dried soil and water added to field capacity (pF 2.5) were prepared one day before individuals were included in the mesocosms. A minimum of three to five individuals, depending on availability and in the same developmental stage, i.e, at least as subadults were put in each mesocosm for a total number of 21 (three replicates and 6 incubation dates). Average earthworm biomass in the mesocosms was 1.24 ± 0.11, 1.88 ± 0.18 and 3.0 ± 0.56 g.f.w. for *A*. *rosea*, *L*. *friendi* and *P*. *pyrenaicus*, respectively. Individuals were kept in mesocosms for one day and retrieved after casts were deposited in the soil volume. Soil with no casts and casts were incubated during 0, 1, 3, 7, 15, and 31 days, after which all casts were retrieved from the mesocosms, air-dried and sieved at 200 μm.

NIRS library of aging casts {#sec006}
---------------------------

Samples were dried upon NIR spectra readings since water has a strong absorbance in the near-infrared spectra due to complicated hydrogen-bonding interactions at some specific wavelengths \[[@pone.0237115.ref040]\]. We used 10--15 g of each type of aggregate after grinding and sieving at 200 μm. Each sample (non-ingested soil and casts) was placed in a quartz cell and analyzed with a QualitySpec^®^ spectrophotometer with light emission in the range 350--2500 nm, and reflected light measured at 1 nm intervals. The NIR spectra were obtained at 25 °C and 48% relative humidity. The spectra represented reflectance (R) of re-emitted light as a function of wavelength. Reflectance was converted to absorbance (A) using the equation: A = log (1/R). For each spectrum, the number of scans was set to be 10, which is higher than the recommended number of four to improve the signal to noise (S/N) ratio \[[@pone.0237115.ref041]\].

Concentrations of total C and N were determined by dry combustion in an Elementar Analyzer Vario Max CN (GmbH, Hanau, Germany) for all soil aggregates' types, after being grounded in a mortar and passed through a 250 *μ*m sieve. Inorganic N concentrations in $NH_{4}^{+}$ and $NO_{3}^{-}$ forms were determined in triplicate with standard colorimetric methods after extraction with KCl 1M \[[@pone.0237115.ref042]\].

Data analysis {#sec007}
-------------

### NIRS data normalisation and transformation {#sec008}

A data matrix of NIR spectral signals can be highly heterogeneous and considerable variation of measured parameters may exist. Data pre-treatment is a prerequisite to reduce the number of non-informative variables (descriptors). First, we prepared a new data matrix with the absorbance values in the NIR spectra region from 700 to 2,500 nm in 10 nm intervals. In our study we used two approaches to remove baseline shifts by preparing two data matrices with short- and long wavelengths, respectively:

1.  one matrix with the absorbance data from 700 to 1,100 nm that was transformed to first derivative and,

2.  a second matrix with absorbance data from 1,100 to 2,500 nm was transformed to second derivative using a 2^nd^ order polynomial Savitzky-Golay smoothing over 10 data (21 points) as the spectral pre-treatment method \[[@pone.0237115.ref043]--[@pone.0237115.ref045]\].

"Gap" size is an important issue during data transformation. It refers to the number of absorbance data either side of the spectrum point used in the derivative calculation. In other words, the length of the wavelength interval that separates the 2 segments to be averaged in the derivatization process. The segment size is decided by the observer, but in general ranges from 4 to 10 and even 20 wavelengths (nanometers). As expected, the gap size will affect the extent of smoothing of data, and it is dependent on the instrument used. A gap of 10 data points is higher than the minimum recommended (4) for calculation of derivative shifts \[[@pone.0237115.ref046]\], entailing averaging over 21 nm for second derivative. No further data pre-treatment was performed on the data matrix with derivative values.

### Multivariate analysis of NIR spectra {#sec009}

Linear discriminant analysis (LDA) was used for data obtained in the lab, to obtain a typology of NIR signals for species and dates. The analysis was followed by a Montecarlo randomization procedure, 999 permutations) to search for significant differences among sites \[[@pone.0237115.ref047]\].

Partial least square regression (PLSR) was used to compare NIR spectral signals of samples. PLSR is one of the most commonly used techniques to analyze this type of data. It is a descriptor regression method for full data sets with a good capacity for estimating attributes based on the spectral behavior of the soil \[[@pone.0237115.ref013]\]. The analysis yields a number of factors from which a model is tested with new data to check the accuracy of the prediction. In our study we tested the models from the PLSR with the data of the soil variables quantified in the aggregates: C, N, ${NH}_{4}^{+}$ and ${NO}_{3}^{-}$.

### PLSR model selection {#sec010}

The number of partial least-square (PLS) factors is chosen to minimize the root mean square error (RMSE) in the cross validation. The PLSR-NIPALS algorithm was used as it produces smaller prediction errors than NIPALS algorithm, improving the accuracy of the analysis. The performance of models was evaluated by the root mean square error of the cross-validation (RMSECV), i.e. the model with the lowest RMSECV is chosen as the optimal subset of descriptors \[[@pone.0237115.ref048]\]. Shenk et al. \[[@pone.0237115.ref046]\] recommended that the standard error of cross validation (SECV) should be no more than 20% greater than the standard error of calibration (SEC).

The suitability of samples for inclusion in the calibration population was tested with the Kennard-Stone algorithm \[[@pone.0237115.ref049]\]. Finally, the Hotelling's T^2^ statistic \[[@pone.0237115.ref050]\] was used to identify outliers in the projections of NIRS field aggregates into the factorial plane of the selected PLS model (p\<0.05).

Differences in the concentration of C, N, ${NH}_{4}^{+}$ and ${NO}_{3}^{-}$, and C:N in the different types of aggregates were tested with one-way ANOVA (p\<0.05).

All analyses, i.e. data transformation, reduction, derivatization, PLSR and full cross-validation were conducted with the software Unscrambler X 10.5 (Camo software). The R statistical computing package (version 3.3.2) was used for multivariate PCA and Monte Carlo randomization \[[@pone.0237115.ref051]\].

Results {#sec011}
=======

Soil macrofauna abundance and earthworm species {#sec012}
-----------------------------------------------

At the time of sampling, soil macroinvertebrate density and biomass (mean ± S.D.) was 681.6 ± 486.3 ind. m^-2^, and 5.46 ± 3.71 g f.w. m^-2^, respectively ([Table 1](#pone.0237115.t001){ref-type="table"}, [S1 Table](#pone.0237115.s001){ref-type="supplementary-material"}, Supporting information). Total earthworm density and biomass was 137.6 ± 61.5 ind. m^-2^, and 55.17 ± 22.5 g f.w. m^-2^, respectively ([Table 2](#pone.0237115.t002){ref-type="table"}). Five species were found and identified in the area where soil monoliths for NIR signatures were taken: *Aporrectodea rosea*, *A*. *caliginosa*, *L*. *friendi*, *Octolasion lacteum* Örley, 1881and *P*. *pyrenaicus*, with varying abundances ([Table 2](#pone.0237115.t002){ref-type="table"}).

10.1371/journal.pone.0237115.t001

###### Average density (N m^-2^) and biomass (g f.w. m^-2^) of soil macroinvertebrates and earthworms in the subalpine pasture at the study site (Central Pyrenees).

![](pone.0237115.t001){#pone.0237115.t001g}

                                         Density (N m^-2^)   Biomass (g m^-2^)
  -------------------------------------- ------------------- -------------------
  **Soil macroinvertebrates (no EWs)**   681.6 ± 486.3       5.62 ± 3.83
  **Earthworms**                         137.6 ± 61.5        55.17 ± 22.5

n = 5 25x25x25 cm^3^ soil blocks.

10.1371/journal.pone.0237115.t002

###### Density (N m^-2^) and biomass (g m^-2^) of earthworm species found in each soil core (25x25 x 20 cm^3^) in the subalpine pasture at "Ordesa and Monte Perdido" National Park.

![](pone.0237115.t002){#pone.0237115.t002g}

  Core    Species             Ecological category   Adults   Subadults   Inmatures     Density     Biomass
  ------- ------------------- --------------------- -------- ----------- ------------- ----------- -----------
  **1**   *L*. *friendi*      Epi-endogeic          0        0           3             48          1.0
          *O*. *lacteum*      Endogeic              0        0           3             48          0.62
  **2**   *A*. *caliginosa*   Epi-endogeic          0        1           0             16          5.84
          *P*. *pyrenaicus*   Endogeic              2        3           0             80          8.5
  **3**   *A*. *rosea*        Endogeic              1        0           0             16          3.07
          *P*. *pyrenaicus*   Endogeic              1        1           3             80          5.58
  **4**   *L*. *friendi*      Epi-endogic           1        0           0             16          21.22
          *A*. *rosea*        Endogeic              2        0           1             48          2.29
  **5**   *P*. *pyrenaicus*   Endogeic              2        3           6             176         5.6
          **Total**                                 **9**    **8**       **16 Mean**   **105.6**   **10.74**
                                                                         **S.D**.      **50.6**    **6.27**

The biomass of aggregates attached to roots and non-macroaggregated soil was 122.3 and 134.8 g m^-2^, respectively, while biomass of free (particulate) organic matter and invertebrate biogenic aggregates was 62.9 and 41.7 g m^-2^, respectively ([Table 3](#pone.0237115.t003){ref-type="table"}).

10.1371/journal.pone.0237115.t003

###### Weight of the different elements from the 9 soil blocks used for micromorphology analysis.

Data correspond to average values.

![](pone.0237115.t003){#pone.0237115.t003g}

                    Weight of soil macro-aggregates (g dry soil cm^-2^)                                 
  ----------------- ----------------------------------------------------- -------------- -------------- ---------------
  **1**             10.3                                                  175            99             120
  **2**             18.1                                                  161.7          61.6           68
  **3**             7.7                                                   9.1            67             171
  **4**             0.9                                                   38             73.2           251
  **5**             20.7                                                  106            49.2           126
  **6**             11                                                    92             74.5           73
  **7**             243                                                   105            29             200
  **8**             38.8                                                  264            42.5           103.2
  **9**             24.6                                                  150.5          70.3           101
  **Total**         375.1                                                 1,101.3        566.3          1,213.2
  **Mean ± S.D**.   41.7 ± 76.3                                           122.3 ± 76.3   62.92 ± 20.5   134.8 ± 61.02

When these data were extrapolated to kg per meter square, the activity of earthworms resulted in 4.2 kg dry weight m^-2^ of biogenic aggregates, and 12.2 kg dry weight m^-2^ of aggregates attached to roots in the first 10 cm ([Table 3](#pone.0237115.t003){ref-type="table"}). The amount of biogenic structures thus represented 45.4% of the total found in the sampled area, and 17.4% for free organic matter and 37.3% of bulk soil.

The concentrations of C, N and C:N ratio in the three types of soil aggregates identified ([Table 4](#pone.0237115.t004){ref-type="table"}) did not differ statistically (ANOVA, p\>0.05) although non-macroaggregated soil had slightly higher values than biogenic aggregates (earthworm- and root-aggregates), while concentrations of ${NH}_{4}^{+}$ and ${NO}_{3}^{-}$ were highest in the root-attached aggregates.

10.1371/journal.pone.0237115.t004

###### Concentrations of total C, N and inorganic N (N-NO~3~ and N-NH~4~) in the three types of soil aggregates identified.

![](pone.0237115.t004){#pone.0237115.t004g}

  Aggregate                   Carbon[^1^](#t004fn001){ref-type="table-fn"}   Nitrogen[^1^](#t004fn001){ref-type="table-fn"}   C:N   N-NH~4~[^§^](#t004fn002){ref-type="table-fn"}   N-NO~3~[^§^](#t004fn002){ref-type="table-fn"}   n
  -------------------- ------ ---------------------------------------------- ------------------------------------------------ ----- ----------------------------------------------- ----------------------------------------------- ----
  **Biogenic**         Mean   64.9                                           6.8                                              9.8   2.6                                             0.16                                            17
                       SD     9.2                                            0.8                                              0.4   1.6                                             0.5                                             
  **Root-attached**    Mean   63.5                                           6.9                                              9.7   3.3                                             0.31                                            17
                       SD     9.1                                            0.6                                              0.5   3.2                                             0.8                                             
  **Non-aggregated**   Mean   66.3                                           7.0                                              9.8   3.4                                             0.06                                            18
                       SD     7.8                                            0.5                                              0.3   1.9                                             0.16                                            

^1^ g kg dry soil^-1^.

^§^ mg kg dry soil^-1^.

Lab experimentation {#sec013}
-------------------

### NIR spectra of casts produced and incubated in the lab {#sec014}

When linear discriminant analysis was performed only with NIR spectra signals of casts produced by three species and considering all dates ([Fig 2a](#pone.0237115.g002){ref-type="fig"}), the amount of explained variance by the first three axes was 61.3% after Montecarlo randomization (p\<0.001). The wavelength spectrum selected was based on the visualization of the second derivative transformation, looking at the areas where peaks and valleys appeared (not shown). The selected wavelengths ranged from 1,350 to 2,260 nm. The barycenter of species and cast age were separated from the control soil. The age of casts had more influence on NIR spectra than species. The first axis (25.3% of total variation) separated 2-days old casts of *A*.*rosea* from the rest of incubation dates ([Fig 2a](#pone.0237115.g002){ref-type="fig"}). The second axis contributed 20.4% to total explained variability and separated the 32-days old casts of *L*. *friendi* and *P*. *pyrenaicus* from the most recent casts (1--4 days old) of the different earthworm species. The ordination was significant after Montecarlo randomization (p\<0.001). When using axes III and IV (24% of total variability explained) 8-days old casts were opposed to 16-d old casts for the three species along axis III ([Fig 2b](#pone.0237115.g002){ref-type="fig"}). Age of the cast rather than species identity was the most important factor that determined the grouping of casts in the factorial plane, i.e., incubation time drives changes between the most recent casts and the older casts.

![LDA of the NIR spectra signals of incubated casts in the mesocosm units during 32 days.\
a) factorial plane of the first two axes; b) factorial ordination by axes III and IV; Aros = *A*. *rosea*; Lfr = *L*. *friendi*; Ppyr = *P*. *pyrenaicus*; NA = Non-aggregated soil. CT = Control soil.](pone.0237115.g002){#pone.0237115.g002}

The LDA with the NIR spectral signals of incubated casts produced by each species showed a clear separation of the cast incubation time ([Fig 3a--3f](#pone.0237115.g003){ref-type="fig"}):

-   *Aporrectodea rosea*, the first two axes explained 73.4% of total variance (68.3% after Monte Carlo randomization). The older incubated casts were related to high concentrations of C, N and ${NO}_{3}^{-}$ ([Fig 3a](#pone.0237115.g003){ref-type="fig"}), while 2-days old casts were related to high C:N ratio ([Fig 3b](#pone.0237115.g003){ref-type="fig"}).

-   *Lumbricus friendi*, axes I and II explained 52.6 and 21.2% of total variance, respectively (65.1% after randomization), and similar to *A*. *rosea* 32-days old casts were clearly separated from the other incubation times and was related to high values of ${NO}_{3}^{-}$ concentrations ([Fig 3c and 3d](#pone.0237115.g003){ref-type="fig"}). In these two species, 4-days old casts were correlated to high concentrations of ${NH}_{4}^{+}$.

-   *Prosellodrilus pyrenaicus*, the first two axes explained 67.9% of total variability (observed value equaled 62.5% after randomization process). Again, for this species, 32-days old casts were related to high concentrations of ${NO}_{3}^{-}$ ([Fig 3e and 3f](#pone.0237115.g003){ref-type="fig"}).

![LDA of the NIR spectra of casts produced by the three species under study and incubated in the lab during 32 days and ordination of variables (NIR wavelengths and measured variables).\
Earthworm species are *A*. *rosea* (a, b), *L*. *friendi* (c, d) and *P*. *pyrenaicus* (e, f). All ordinations were significant after Monte Carlo simulation (999 sim).](pone.0237115.g003){#pone.0237115.g003}

The total amount of variance explained by axes III and IV was 24.5% (14.0 and 10.5%), 21.0% (14.2 and 6.8%), and 28.6% (18.0 and 10.6%) for *A*. *rosea*, *L*. *friendi* and *P*. *pyrenaicus*, respectively ([Fig 4a--4f](#pone.0237115.g004){ref-type="fig"}). The ordination of incubation dates and variables in the factorial plane of axes III and IV showed that C:N ratio was related to 32-days incubated casts of *A*. *rosea*, and that ${NH}_{4}^{+}$ was for 4-days old casts of *L*. *friendi* and *P*. *pyrenaicus*, while ${NO}_{3}^{-}$ was related with 16-days old casts of *P*. *pyrenaicus* ([Fig 4a--4f](#pone.0237115.g004){ref-type="fig"}).

![Biplot of the NIR spectra along axes III and IV of the PCA for the three species under study and ordination of variables (NIR wavelengths and measured variables) for all the casts incubated in the lab during 32 days.\
*A*. *rosea* (a, b), *L*. *friendi* (c, d) and *P*. *pyrenaicus* (e, f).](pone.0237115.g004){#pone.0237115.g004}

These multivariate ordinations constitute specific NIR spectra reference library of ageing casts produced and incubated in the lab for the three earthworm species. The next step was to project the NIR spectral signals of the distinct aggregates collected in the field to examine whether their location in the factorial plane could be matched with certain clusters of ageing casts (see section "Relating NIR spectral signals of field soil aggregates with lab-incubated earthworm casts").

### Calibration model performance and PLSR {#sec015}

The results of the NIRS calibration and validation for lab incubated casts is indicated in [S2](#pone.0237115.s002){ref-type="supplementary-material"} and [S3](#pone.0237115.s003){ref-type="supplementary-material"} Tables and [S1](#pone.0237115.s004){ref-type="supplementary-material"}--[S6](#pone.0237115.s009){ref-type="supplementary-material"} Figs (Supporting information). PLSR calibration model statistics varied among species and variables, i.e., R^2^~cal~ varied from 0.477 to 0.997 and RMSEC from 0.006 to 5.62 for 1^st^ derivative NIR data ([S2 Table](#pone.0237115.s002){ref-type="supplementary-material"}, Supporting information). For 2^nd^ derivative NIR data, R^2^~cal~ varied from 0.516 to 0.999 and RMSEC from 0.002 to 5.01 ([S3 Table](#pone.0237115.s003){ref-type="supplementary-material"}, Supporting information).

The derivative treatment of absorbance values influenced the calibration process. The gap used of ten points (21 in total) when using first derivative R^2^~cal~ was 0.86 and RMSECV = 0.43 for 6 factors. When using second derivative and the same gap size of 21 points R^2^~cal~ and RMSECV was 0.92 and 0.37. In our study R^2^~cal~, RMSECV and the number of factors from the PLS varied ([S2](#pone.0237115.s002){ref-type="supplementary-material"} and [S3](#pone.0237115.s003){ref-type="supplementary-material"} Tables). When R^2^~cal~ was above 0.9 the number of factors ranged between 4--7 when using 1^st^ derivative short wave NIR data (700--1,100 nm). On the contrary less number of factors were obtained when using second derivative NIR data, i.e., from 3 to 6 factors for R^2^~cal~ above 0.9 ([S3 Table](#pone.0237115.s003){ref-type="supplementary-material"}). In other words, the precision of the validation increases when we use second derivative NIRS data. In general, these values are within the range indicated by Guthrie 2005 when analyzing calibration model performance in a study with total soluble solids, i.e. R^2^~cal~ = 0.92, and RMSECV = 0.37 for 7 factors (latent variables).

The best models when using short wave NIR (700--1,100 nm) for *A*. *rosea* were obtained for C (R^2^~cal~ = 0.964) and ${NH}_{4}^{+}$ concentrations (R^2^~cal~. = 0.996). The SECV was higher than 20% greater than the SEC for all variables ([S2 Table](#pone.0237115.s002){ref-type="supplementary-material"}, [S1 Fig](#pone.0237115.s004){ref-type="supplementary-material"}). High R^2^~cal~ were obtained for the five parameters analysed in *L*. *friendi* ([S2 Table](#pone.0237115.s002){ref-type="supplementary-material"}, [S2 Fig](#pone.0237115.s005){ref-type="supplementary-material"}), but the SECV was in all cases 20% higher than SEC. In *P*. *pyrenaicus*, only for C:N ratio and ${NH}_{4}^{+}$ concentration R^2^~cal~ was above 0.99. The SECV was higher than 20% of the SEC ([S2 Table](#pone.0237115.s002){ref-type="supplementary-material"}, [S3 Fig](#pone.0237115.s006){ref-type="supplementary-material"}).

When analyzing long wavelength NIR spectra (1,100--2,500 nm) for *A*. *rosea* the best models were obtained for C (R^2^~cal~ = 0.998) and ${NH}_{4}^{+}$ concentration (R^2^~cal~ = 0.99); again, the SECV was higher than 20% of the SEC for all variables ([S3 Table](#pone.0237115.s003){ref-type="supplementary-material"}, [S4 Fig](#pone.0237115.s007){ref-type="supplementary-material"}). In *L*. *friendi* high R^2^~cal~ were obtained for C:N ratio and ${NH}_{4}^{+}$ concentration ([S3 Table](#pone.0237115.s003){ref-type="supplementary-material"}, [S5 Fig](#pone.0237115.s008){ref-type="supplementary-material"}), but the SECV was in all cases 20% higher than SEC. Finally, in *P*. *pyrenaicus* high R^2^~cal~ values were obtained for the five parameters analyzed ([S3 Table](#pone.0237115.s003){ref-type="supplementary-material"}, [S6 Fig](#pone.0237115.s009){ref-type="supplementary-material"}), and the SECV was higher than 20% of the SEC.

Linking NIR spectra of field soil aggregates with lab-incubated earthworm casts {#sec016}
-------------------------------------------------------------------------------

The projection of the NIR spectral signals onto the PLSR models for C, N, ${NH}_{4}^{+}$ and ${NO}_{3}^{-}$ from casts produced and incubated in the lab allowed us to identify the species and the age of some of the field biogenic aggregates (Figs [5](#pone.0237115.g005){ref-type="fig"}--[8](#pone.0237115.g008){ref-type="fig"}). The PLSR models were obtained from selection of wavelengths after visualization of the spectrogram, i.e, 1^st^ and 2^nd^ derivative transformation (Savitzky-Golay) for short- and long-wave NIR spectral signals, respectively. The accuracy of results in the PLSR biplots was checked with the Hotelling's T^2^ ellipse (p\<0.05).

![Projection of short-wave (a) and long-wave (b) NIR signal of test samples (field aggregates) onto the PLSR model for C concentration in casts from lab experiment (all dates).\
Hotelling's T^2^ confidence limit (p\<0.05) is represented by an ellipse. BA = field biogenic aggregate; Aros = *A*. *rosea*; Lfr = *L*. *friendi*; Ppyr = *P*. *pyrenaicus*.](pone.0237115.g005){#pone.0237115.g005}

![Projection of short-wave (a) and long-wave (b) NIR signal of test samples (field aggregates) onto the PLSR model for N concentration in casts from lab experiment (all dates).\
Hotelling's T^2^ confidence limit (p\<0.05) is represented by an ellipse. BA = field biogenic aggregate; Aros = *A*. *rosea*; Lfr = *L*. *friendi*; Ppyr = *P*. *pyrenaicus*.](pone.0237115.g006){#pone.0237115.g006}

![Projection of short-wave (a) and long-wave (b) NIR signal of test samples (field aggregates) onto the PLSR model for NH4 concentration in casts from lab experiment (all dates).\
Hotelling's T^2^ confidence limit (p\<0.05) is represented by an ellipse. BA = field biogenic aggregate; Aros = *A*. *rosea*; Lfr = *L*. *friendi*; Ppyr = *P*. *pyrenaicus*.](pone.0237115.g007){#pone.0237115.g007}

![Projection of short-wave (a) and long-wave (b) NIR signal of test samples (field aggregates) onto the PLSR model for NO3 concentration in casts from lab experiment (all dates).\
Hotelling's T^2^ confidence limit (p\<0.05) is represented by an ellipse. BA = field biogenic aggregate; Aros = *A*. *rosea*; Lfr = *L*. *friendi*; Ppyr = *P*. *pyrenaicus*.](pone.0237115.g008){#pone.0237115.g008}

In all depicted biplots field biogenic aggregates were near the vicinity of species-specific NIR spectral signals of casts of different age. In other words, the biogenic aggregates were close to the cloud of points (NIR background noise) of the ageing NIR spectral signals of incubated casts of the three species. The pattern was more evident for PLSR ordination of long-wave NIR spectral signals (1,100--2,500 nm) for all variables.

### Carbon {#sec017}

When using short-wave NIR spectral signals, the first and second axes explained 98% and 1% of variance, with the PLSR explaining 20 and 42%, respectively ([Fig 5a](#pone.0237115.g005){ref-type="fig"}). In the factorial plane, BA3 was near the NIR signals of 16-d old casts produced by *P*. *pyrenaicus*. Less clear pattern appeared for BA4, BA6 and BA8 were in the space defined by 1-day old casts of *L*. *friendi* and *P*. *pyrenaicus* ([Fig 5a](#pone.0237115.g005){ref-type="fig"}).

When using long-wave NIR spectral signals for the same variable, the first and second axes explained 67% and 10% of variance, with the PLSR explaining 21 and 9%, respectively ([Fig 5b](#pone.0237115.g005){ref-type="fig"}). In the factorial plane, BA1 was in an area with NIR signals of casts older than 4 days, i.e., close to *P*. *pyrenaicus* 4-d, *A*. *rosea* 16-d and *P*. *pyrenaicus* 32-day old casts. NIR signal of BA3 was close to *A*. *rosea* 4-day old casts, while BA5 and BA8 were close to *L*. *friendi* and *A*. *rosea* 1-day old casts, respectively ([Fig 5b](#pone.0237115.g005){ref-type="fig"}). BA 4 to BA9 NIR spectra were in the area of the factorial plane where NIR signals of casts were less than 4-days old. Regarding C contents, NIR spectra signal of older casts were quite similar independently of the species which produced the casts ([Fig 5a and 5b](#pone.0237115.g005){ref-type="fig"}).

### Nitrogen {#sec018}

When using short-wave NIR spectral signals, the first and second axes explained 98% and 1% of variance, with the PLSR explaining 20 and 43%, respectively ([Fig 6a](#pone.0237115.g006){ref-type="fig"}). In the factorial plane, NIR signals of BA3 and BA4 were near the NIR signals of 16-d old casts produced by *P*. *pyrenaicus*. BA6 and BA8 were in the space defined by 1-day old casts of *L*. *friendi* and *P*. *pyrenaicus* ([Fig 6a](#pone.0237115.g006){ref-type="fig"}).

When using long-wave NIR spectra signals, the first two axes explained 61 and 17% of total variance, and the PLSR explained 22 and 10% for axis 1 and 2, respectively ([Fig 6b](#pone.0237115.g006){ref-type="fig"}). In the factorial plane NIR spectra of BA1 and BA2 were in and area close to *P*. *pyrenaicus* 4-d old casts, and *L*. *friendi* 16-days old casts, respectively. NIR signals of BA3 were close to those of *A*. *rosea* 4-day old casts, while BA4, BA5, BA6 NIR signals were close to those represented by *L*. *friendi* 1-day old casts, and BA8 and BA9 to *A*. *rosea* and *P*. *pyrenaicus* 1-day old casts, respectively ([Fig 6b](#pone.0237115.g006){ref-type="fig"}).

### Ammonium {#sec019}

When using short-wave NIR spectral signals, the first and second axes explained 98% and 1% of variance, with the PLSR explaining 22 and 45%, respectively ([Fig 7a](#pone.0237115.g007){ref-type="fig"}). In the factorial plane, NIR signals of BA3 were near the NIR signals of *A*. *rosea* 4-d old casts. NIR signals of BA4, BA6 and BA8 were in the space defined by 1-day old casts of *L*. *friendi* and *P*. *pyrenaicus* ([Fig 7a](#pone.0237115.g007){ref-type="fig"}).

When using long-wave NIR spectral signals, the first axis explained 71% of variance and the second axis 2%, with the PLSR explaining 25 and 3%, respectively ([Fig 7b](#pone.0237115.g007){ref-type="fig"}). BA2 was close to *L*. *friendi* 8-day old casts, BA5 to *L*. *friendi* 1-day old casts, BA3 and BA8 to *P*. *pyrenaicus* 8-days old casts ([Fig 7b](#pone.0237115.g007){ref-type="fig"}).

### Nitrate {#sec020}

When using short-wave NIR spectral signals, the first and second axes explained 98% and 1% of variance, with the PLSR explaining 20 and 30%, respectively ([Fig 8a](#pone.0237115.g008){ref-type="fig"}). In the factorial plane, NIR signals of BA3 were near the NIR signals of casts of *A*. *rosea* 4-d old casts and of casts of *P*. *pyrenaicus* 8-d old. NIR signals of BA4, BA6, BA7 and BA8 were in the space defined by 1-day old casts of *L*. *friendi* and *P*. *pyrenaicus* ([Fig 8a](#pone.0237115.g008){ref-type="fig"}).

Finally, for ${NO}_{3}^{-}$, when using long-wave NIR spectral signals, the first two axes explained 70 and 3% of total variance, and the PLSR explained 24 and 5% for axes 1 and 2, respectively ([Fig 8b](#pone.0237115.g008){ref-type="fig"}). In the ordination plot the biogenic aggregates were farther separated from the NIR spectral signals of lab incubated casts than with the rest of variables. Only NIR spectra of BA3 and BA8 were close to *P*. *pyrenaicus* 8-days old casts, and BA5 to *L*. *friendi* 1-day old casts ([Fig 8b](#pone.0237115.g008){ref-type="fig"}). The NIR signals of BA1 and BA2 were located near the NIR signals of older casts, i.e. 16--32 days-old of the three species. No clear pattern was observed for the rest of BA, which were in the area of 1--2 days-old casts.

Discussion {#sec021}
==========

Comparison of our results with those obtained in other studies is not possible as the approach used in this study, i.e., linking field aggregates of the soil matrix, not only recently deposited or fresh casts, to NIR signals was not assessed in previous works. The biogenic structures produced by earthworms can be used to establish a typology of structures linked to functionality in the ecosystem where they are found \[[@pone.0237115.ref014]--[@pone.0237115.ref016]\]. In other studies, NIR signals were related with the age of the biogenic aggregates to assess their origin (root, earthworm or mixed structures \[[@pone.0237115.ref018]\], and their temporal dynamics \[[@pone.0237115.ref020]\]. Although some limitations have been raised by several authors about the use of NIRS \[[@pone.0237115.ref052]\], those may be well linked to specific local heterogeneity processes \[[@pone.0237115.ref053]\]. Soil aggregation dynamics can be very fast until the NIR spectra signal resembles that from the bulk soil \[[@pone.0237115.ref020]\]) so they are not distinguishable.

Higher concentrations of C, N and the C:N ratio were observed in the non-macroaggregated soil than in the biogenic aggregates, while ${NH}_{4}^{+}$ and ${NO}_{3}^{-}$ concentrations were highest in the aggregates attached to roots (differences were not significant, ANOVA). These results could be explained by the presence of free particulate organic matter in the non-macroaggregated soil, while the concentrations of ${NO}_{3}^{-}$ and ${NH}_{4}^{+}$ in the biogenic root-attached aggregates would be the result of the microbial interactions in the rhizosphere. This hypothesis should be further tested. Root aggregates are also biogenic aggregates and thus confusion may arise occasionally when trying to distinguish roots- and invertebrates' biogenic aggregates, especially when roots grow in casts as observed in some studies \[[@pone.0237115.ref018]\].

NIR assessment of field aggregates and casts incubated in the lab {#sec022}
-----------------------------------------------------------------

In previous studies the NIR signatures of biogenic structures produced by different ecosystem engineers in the field were analysed \[[@pone.0237115.ref014], [@pone.0237115.ref015], [@pone.0237115.ref019], [@pone.0237115.ref020]\]. To our knowledge, only one field study assessed how well the NIR spectra signals of field aggregates matched up with those signals obtained from casts of earthworm species incubated in the lab \[[@pone.0237115.ref025]\]. These authors collected fresh casts from the field to compare and match their NIR signals with the casts produced by the same species in the lab. Our study, on the contrary, is the first one aiming at pairing the NIRS spectra fingerprints of ageing biogenic aggregates with the respective species that were likely responsible of forming those aggregates.

Comparisons with other studies are thus not convenient, and only comparisons about the relevance of NIRS as a tool to discriminate biogenic aggregates from other structures found in the soil are possible.

Altogether, the NIR spectra fingerprints were distinguished in the multivariate analyses (Figs [2](#pone.0237115.g002){ref-type="fig"}--[4](#pone.0237115.g004){ref-type="fig"}). In general, the multivariate analyses performed on the NIR spectral discriminated more clearly the age of the biogenic aggregate of each species reared in the lab, although not as accurately ordered as in the work by Zangerlé et al. \[[@pone.0237115.ref020]\]. During ageing, there is an initial phase (0--1 day) where microbial biomass and ${NH}_{4}^{+}$ are high and later these two parameters decrease and an increase of ${NO}_{3}^{-}$ contents. In our study this is a striking result as each replicate was obtained from a different mesocosms that were kept in the same conditions in the lab and so the signals projected for each age were grouped together in the factorial plane.

Pros and cons of the intended NIR assessment approach in field conditions {#sec023}
-------------------------------------------------------------------------

The usefulness of using NIRS to differentiate cast aggregation may be context-dependent \[[@pone.0237115.ref053]\]. In our study fresh casts of the three reared species had similar NIR signatures, i.e., there was no clear specificity of depositions according to the species that produced them. For each species reared in the lab clusters of aged casts were discerned in the multivariate analyses showed. The age of casts more strongly influenced on NIR spectra than the cast-forming species. The ordination of biplots in Figs [5](#pone.0237115.g005){ref-type="fig"}--[8](#pone.0237115.g008){ref-type="fig"} indicated that the first axis separated the biogenic structures by their age, while the second axis was more linked to the functional role of species. This could indicate that the same process is occurring in the gut of different species, i.e., that they have similar microbial populations to help them digest the different compounds of the resources they ingest in the soil \[[@pone.0237115.ref054]\].

However, despite the ability of NIRS to identify biogenic aggregates only three earthworm species were collected and reared in the lab, as two other species, i.e. *Octolasion lacteum* and *O*. *cyaneum* (Savigny, 1826) were not found at the time of sampling, so no casts were available for both species. This resulted in an incomplete picture of the processes driven by earthworm activity. Zangerlé et al. \[[@pone.0237115.ref020]\] were able to identify and classify casts produced by the endogeic earthworm *A*. *caliginosa* in the lab up to three months after these were produced. The NIR spectral signals were similar for casts ranging from 45 to 90 days old, and also from 3 to 30 days old. In our study, on the contrary, the ordination of NIR spectral signals of casts of different age were clearly separated from 1 to 21 days old ([Fig 2a, 2c and 2e](#pone.0237115.g002){ref-type="fig"}).

In our study the age of casts was most important than species identity. Not all BA retrieved from the soil cores were produced by the same species and in the same time lag. This resulted in observing similar age of casts but different species in the multifactorial plane of the PLSR models (Figs [4](#pone.0237115.g004){ref-type="fig"}--[7](#pone.0237115.g007){ref-type="fig"}). BA of the same age but produced by different species were grouped in the ordination. Thus, as predicted by Zangerlé et al. \[[@pone.0237115.ref020], [@pone.0237115.ref025]\], we observed in these figures a concurrence of BA that were produced by different species, i.e., similar NIR spectra for casts of different species which participated in their building. This represents the biogenic background noise (BBN) of the NIR spectral signals of casts.

We thus assumed that the BA collected from the soil cores were likely produced by several species and that these had different ages at the time of sampling. In the process of analysis, we included all the BA into the same pool for NIR readings. As a result, the sample for NIR spectrophotometer is a mixture of biogenic structures produced by different species of varying age. Only when an individual is found in the soil core we suppose that some of the aggregates were produced by that specific species, but even in this case uncertainty prevails.

The field NIR spectral signals were grouped together in the vicinity of lab models and are not widely scattered in areas where no model projections exist in the factorial plane. Here we provided data that constitute a spectra baseline that can be used for further assessment of the functionality of the species found in the area. We aimed to increase knowledge on the importance of different types of aggregates found in the soil with a methodology that needs further to be consolidated. Soils and the structures found therein and produced by the bioturbation of soil animals, are inherently non-linear systems, which may limit our ability to predict important soil ecological processes. A complete assessment of the BBN in further studies will result in a more precise soil C modelling \[[@pone.0237115.ref007], [@pone.0237115.ref008], [@pone.0237115.ref055]\].

Although NIRS offers an excellent opportunity for soil ecologists to escape the constraints of laboratory analyses, at the same time, this study involved an intensive amount of work both in the field and in the preparation of the mesocosms. The limitations were given by retrieving a sufficient number of specimens of all species present in the area under study. One caveat worth mentioning is related to the process of identifying and separating BA from the soil block. The expertise of field assistants, students and researchers is a must; otherwise, this imprecise selection of field aggregates may lead to undesirable mistakes in the NIR-PLS methodology. NIRS also provides the advantage to analyse other soil processes that lab analyses do not achieve, i.e., which species was responsible for the formation of a given aggregate and when it was produced.

Finally, how the biologically-produced aggregates in soils where several species coexist can be separated effectively if they are later grouped together to form a single sample for NIR spectrophotometer? By increasing our understanding of the processes that are affected by earthworm ecosystem engineering (bioturbation) we shall better identify and quantify specific functions that soil organisms fulfill in ecosystems.

Conclusions {#sec024}
===========

In this study we explored the feasibility of NIRS to identify the type, the "who-did-it and when" of soil biogenic aggregates or casts that were formed by several earthworm species that were present in a mountain meadow. We showed that NIRS was a suitable, powerful and rapid technique for such predictions, more so when second derivative NIR spectra data are used. The resulting models that were built with PLSR of NIR spectral signals showed the existence of an underlying mechanism that needs to be further investigated, taking into account the limitations and potential of NIRS to be used in such complex structures like soil aggregates. We concluded that the association between NIR signals of soil aggregates collected in the field and the PLSR models obtained with the NIR signals of casts produced under lab conditions is not the result of random variations, but that a pattern exists. Due to the enormous complexity of soil processes other approaches like Bayesian analysis should be explored.
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Accordingly, although the key findings of the paper are of potential interest to PLoS ONE, there are some problems still need to be addressed before it's publication. After revision, a re-submitted version may be further considered.

Minor comments:

Line31: Please check the usage of parentheses for the first and second species.

The purposes, as well as the results, in the abstract section was too separated, such as the lines 38-41 and lines 45-47.

Line101: Please make sure that the soils all be named using WRB classification.

Line109-111: Repeat information: "dominated by..." and "as dominant plant species"

Line113: see my comments on line31. In addition, the abbreviations should be clear, you may consider to write the full names in the first mentioning in the main text.

The language needs to be improved by a native speaker before re-submission. For example, Lines129-130, and other places throughout the manuscript.

Line257-260: According to the Table 3, I can't address the meaning the author wants to presented. Is there something error? maybe I am mistaken, but should be clarified.

Lines264-266: I couldn't find the relevant information in the table 3 at all.

Lines273-274: see my major comments.

Lines323-330: If the relevant information is valuable. Why you put them in the supplementary material.

Lines471-472, lines 496-497 and lines 522-523: Please rephrase.

Reviewer \#2: Review Domínguez-Haydar et al: Unveiling the age and origin of biogenic aggregates produced by earthworm species with their NIRS fingerprint in a subalpine meadow of Central Pyrenees

The manuscript PONE-20-10139 by Domínguez-Haydar et al presents a very interesting study aiming to acquire data on the production rate and spatio-temporal dynamics of earthworm induced macroaggregation in mountain soils and explore the capacity of NIRS to discriminate the age and origin (species) of a given soil macroaggregate (ped) under field conditions in subalpine pastures.

By combining the NIR spectral signatures of biogenic aggregates, root-aggregates, and non-aggregated soil and soil carbon (C), nitrogen (N), 4+ and 3− data, the authors suggest that a NIRS biogenic background noise (BBN) is present in the soil as a result of earthworm activity.

Overall, I think the topic of the manuscript is interesting and experiment design is rather reasonable. The results provide insights on how to analyse the role of soil fauna (e.g. earthworm) in important ecological processes of soil macroaggregation and associated organic matter dynamics by means of analyzing the BBN in the soil matrix.

However, before accepting to publication some minor revisions should be considered.

First, the results section is very detail. However, I feel that the results section is currently not well structured and the main results of the study are easy to miss in the large number of index, graphs, tables and analysis. I would recommend for the authors to thoroughly revise this section focusing more on the novel core results.

Second, the structure of the manuscript and tables should follow the guideline of the PONE.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0237115.r002

Author response to Decision Letter 0

15 Jun 2020

Additional Editor Comments:

One reviewer suggested to reject it, but I think a chance should be given to the authors because another reviewer showed positive comments. Anyway, it has highly possibility to decline it, if the authors have not addressed all of the comments.

\[OK, we do really thank the Editor for this decision and the chance given to us to submit a revised version of this research\]

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

\[OK, we initially followed the guidelines of formatting and style, but it seems something went wrong. We have gone through the style requirements again, hoping that now the requirements are met.\]

2\. In your Methods section, please provide additional information regarding the permits you obtained for the work. Please ensure you have included the full name of the authority that approved the field site access and, if no permits were required, a brief statement explaining why.

\[OK, the site where the research was conducted is an area that has been studied by different researchers from IPE-CSIC during the last 60 years. These studies covered aspects of general ecology, botany, geomorphology and other scientific disciplines, ranging from pastoral use, plant vegetation composition and dynamics, snow dynamics, tree line succession and woody encroachment processes due to land abandonment. We are granted permission from the Government of Aragón, no paperwork required. We just need to ask permission from the mayor of the near village (Fanlo) to access the site through a restricted unpaved way. We have mentioned it in the acknowledgement section.\]

3\. During our internal checks, the in-house editorial staff noted that you conducted research or obtained samples in another country. Please check the relevant national regulations and laws applying to foreign researchers and state whether you obtained the required permits and approvals. Please address this in your ethics statement in both the manuscript and submission information.

\[No, we have neither conducted research in another country, nor obtained samples outside Spain. The study was conducted in the Central Pyrenees, the mountainous region that limits the border between Spain and France, but all samples were collected on the Spanish side. We are attaching a map (Google Earth) to indicate the site area (see below). The yellow line sets the border between Spain and France.

4\. Thank you for stating the following in the Acknowledgments Section of your manuscript:

\'..The ARAID foundation is acknowledged for support to Juan J. Jiménez. We acknowledge support of the publication fee by the CSIC Open Access Publication Support Initiative through its Unit of Information Resources for Research (URICI).\'

We note that you have provided funding information that is not currently declared in your Funding Statement. However, funding information should not appear in the Acknowledgments section or other areas of your manuscript. We will only publish funding information present in the Funding Statement section of the online submission form.

\[OK, the sentence in the acknowledgement section "The ARAID foundation is acknowledged for support to Juan J. Jiménez" does not refer to any funding support, that is why it was not mentioned in the Funding Statement section of the online submission form. It is just that those researchers from ARAID must state that sentence in the acknowledgements section.

With regards to the CSIC Open Access Publication Support Initiative we also need to include it in the acknowledgement section, as they will cover part of the Article Processing Charges.\]

Please remove any funding-related text from the manuscript and let us know how you would like to update your Funding Statement. Currently, your Funding Statement reads as follows:

\'YDH was supported by a COLCIENCIAS grant, Colombia (Code: 1116-569-34827) for a stay at IPE-CSIC (Spain). EV, PL, AZ, SG did not receive specific funding. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.\'

\[Yes, this is correct\]

a\. Please clarify the sources of funding (financial or material support) for your study. List the grants or organizations that supported your study, including funding received from your institution.

b\. State what role the funders took in the study. If the funders had no role in your study, please state: "The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript."

c\. If any authors received a salary from any of your funders, please state which authors and which funders.

\[No salary was received\]

d\. If you did not receive any funding for this study, please state: "The authors received no specific funding for this work."

\[OK, we have stated this: "The authors received no specific funding for this work."\]

Please include your amended statements within your cover letter; we will change the online submission form on your behalf.

\[OK, we have included all these statements in the rebuttal cover letter.\]

5\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>

\[OK, captions for supporting Information files have been included at the end of the manuscript. The figures in the Supporting Information section have been saved in pdf format, independently.\]

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

Comments to the Author

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: N/A

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The PLOS Data policy requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: My major concerns are:

First, the Introduction section was not written properly and can be improved by 1) giving the background information and importance of this topic to the reader; 2) identifying what are unknown and what are the questions; and 3) letting the reader know what you intend to do in order to answer these questions.

\[OK, we have rewritten some sections of the introduction to add clarity, emphasizing what remains unknown, the hypothesis tested in this study and the questions pending to be answered. What we intended to do in order to answer these questions was explicitly stated in the methods section\]

By the way, your hypothesis should come before your aims rather than the other way around.

\[OK, we have include the hypothesis before the aims of the study.\]

Second, the results section was too lengthy. I even found a mass of the description about the supplementary materials. However, compared to the abundant content, the discussion section was too shallow.

\[OK, we thank this reviewer comment, but since the technique is quite specific we believed it should be explained at its maximal length to ease understanding of the readers and likely researchers willing to repeat this kind of experimentation. However, in section Calibration model performance and PLSR, tables 5 and 6 have been moved to supplementary material as S2 Table and S3 table.\]

Third, and most important, the experiment consists of multiple models, it is unclear how these (such as the lines269-277, vary in the "n" in the table 4) has been incorporated in the statistical models. Specifically, the post-hoc tests are not described and explained in the Methods section. Together, this makes it impossible to assess the robustness of your models, and hence, the robustness of your conclusions.

\[OK, regarding data of table 4 and the use of posthoc comparisons as indicated by the reviewer \#1, the analysis of variance showed that there were no significant differences in the concentration of the three elements analysed (C, N and C:N), so there is no reason to include in the table the post-hoc comparisons. We have reworded the sentence. We do hope it is clearer now.

Moreover, there are several statistical analyses in this study but this one specifically was analysed with ANOVA, and no subsequent analyses were needed. For the rest of statistical procedures, as PCA and PLS regression, these are explained in the methods section.\]

Accordingly, although the key findings of the paper are of potential interest to PLoS ONE, there are some problems still need to be addressed before it's publication. After revision, a re-submitted version may be further considered.

\[OK, we do really thank the reviewer for his/her comments and for the opportunity given to resubmit a revised version of the manuscript.\]

Minor comments:

Line31: Please check the usage of parentheses for the first and second species.

\[OK, only the authorship for the first species was within parentheses\]

The purposes, as well as the results, in the abstract section was too separated, such as the lines 38-41 and lines 45-47.

\[OK, the sentence between lines 45-47 was moved immediately after the sentence in lines 38-41\]

Line101: Please make sure that the soils all be named using WRB classification.

\[OK, soils have been named using WRB classification, and the reference has been updated\]

Line109-111: Repeat information: "dominated by..." and "as dominant plant species"

\[OK, the word dominated has been replaced by characterized and "as dominant plant species" has been kept\]

Line113: see my comments on line31. In addition, the abbreviations should be clear, you may consider to write the full names in the first mentioning in the main text.

\[OK, the usage of parentheses has been checked and acronym was used after first mentioning the words organic matter\]

The language needs to be improved by a native speaker before re-submission. For example, Lines129-130, and other places throughout the manuscript.

\[OK, the language was checked by a native English speaking person. The term at a naked eye is quite common in our discipline when describing how different structures and soil organisms found in the soil sample are hand-sorted. However we have removed the term at the naked eye.\]

Line257-260: According to the Table 3, I can't address the meaning the author wants to presented. Is there something error? maybe I am mistaken, but should be clarified.

\[OK, we have rewritten this paragraph. The protocol of collecting the items in the 9 soil cores was described previously in the materials and methods section.

Now the sentence reads: "The biomass of aggregates attached to roots and non-macroaggregated soil was 122.3 and 134.8 g m-2, respectively, while biomass of free (particulate) organic matter and invertebrate biogenic aggregates was 62.9 and 41.7 g m-2, respectively (Table 3)".\]

Lines264-266: I couldn't find the relevant information in the table 3 at all.

\[The figures indicated in those lines refers to an estimation of the biomass in terms of the surface area occupied by the soil cores; each soil core had a surface area of 10×10 cm2, if we extrapolate the value of 41.7 g in 10 cm2 to Kg m-2 we obtain 41.7 Kg. We have rephrased this sentence to improve clarity\].

Lines273-274: see my major comments.

\[OK, regarding data of table 4 and the use of posthoc comparisons as indicated by the reviewer \#1, the analysis of variance showed that there were no significant differences in the concentration of the three elements analysed (C, N and C:N), so there is no reason to include in the table the post-hoc comparisons. We have reworded the sentence. We do hope it is clearer now\].

Lines323-330: If the relevant information is valuable. Why you put them in the supplementary material.

\[OK, yes, thanks for this comment; we had actually included this information in the main text before submission but later was moved to supplementary information section. We have put back the figure (new figure 4) that was in the Supporting Information as S1 a-f in the original submission.\]

Lines471-472, lines 496-497 and lines 522-523: Please rephrase.

\[OK, the sentences have been rephrased:

Lines 471-472: Comparison of our results with those obtained in other studies is not possible as the approach used in this study, i.e., linking field aggregates of the soil matrix, not only fresh casts, to NIR signals was not assessed in previous works.

Lines 496-497: These authors collected fresh casts from the field to compare and match their NIR signals with the casts produced by the same species in the lab. Our study, on the contrary, is the first one aiming at pairing the NIRS spectra fingerprints of ageing biogenic aggregates with the respective species that likely produced those aggregates.

Lines 522-523: Octolasion lacteum and O. cyaneum were not found at the time of sampling in the field, so no casts were available for both species.\]

Reviewer \#2: Review Domínguez-Haydar et al: Unveiling the age and origin of biogenic aggregates produced by earthworm species with their NIRS fingerprint in a subalpine meadow of Central Pyrenees

The manuscript PONE-20-10139 by Domínguez-Haydar et al presents a very interesting study aiming to acquire data on the production rate and spatio-temporal dynamics of earthworm induced macroaggregation in mountain soils and explore the capacity of NIRS to discriminate the age and origin (species) of a given soil macroaggregate (ped) under field conditions in subalpine pastures.

By combining the NIR spectral signatures of biogenic aggregates, root-aggregates, and non-aggregated soil and soil carbon (C), nitrogen (N), 4+ and 3− data, the authors suggest that a NIRS biogenic background noise (BBN) is present in the soil as a result of earthworm activity.

Overall, I think the topic of the manuscript is interesting and experiment design is rather reasonable. The results provide insights on how to analyse the role of soil fauna (e.g. earthworm) in important ecological processes of soil macroaggregation and associated organic matter dynamics by means of analyzing the BBN in the soil matrix.

However, before accepting to publication some minor revisions should be considered.

First, the results section is very detail. However, I feel that the results section is currently not well structured and the main results of the study are easy to miss in the large number of index, graphs, tables and analysis. I would recommend for the authors to thoroughly revise this section focusing more on the novel core results.

\[OK, we have tried to counterbalance the comments of both reviewers, as Reviewer 1 suggested to include one more graph in the main text. We have moved some of the tables from this section to supplementary material section and focused more on the main aspects of the analysis to explore the capacity of NIRS to discriminate the age and origin (species) of a given soil macroaggregate and emphasize the novel core results.

We also believe that it is necessary to show with some details the different steps of the analysis of the NIR spectra.\].

Second, the structure of the manuscript and tables should follow the guideline of the PONE.

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

6\. PLOS authors have the option to publish the peer review history of their article (what does this mean?). If published, this will include your full peer review and any attached files.

\[OK, we agree to the option to publish the peer review history of this paper if finally accepted\].

If you choose "no", your identity will remain anonymous but your review may still be made public.

Do you want your identity to be public for this peer review? For information about this choice, including consent withdrawal, please see our Privacy Policy.

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Fuzhong Wu
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, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

6 Jul 2020

PONE-D-20-10139R1

Unveiling the age and origin of biogenic aggregates produced by earthworm species with their NIRS fingerprint in a subalpine meadow of Central Pyrenees

PLOS ONE

Dear Dr. Jimenez,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please submit your revised manuscript by four weeks. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Fuzhong Wu

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Abstract：

Redundant information: produced in the lab. produced in the lab.

In the abstract: provide more quantitative data.

Introduction：

The results will be useful for unveiling the contribution of earthworms in soil aggregation and soil organic matter (SOM) dynamics, so that this methodology can be used in other studies with other earthworm species. Rewrite the objective.

Results：

"is listed in The concentrations of C, N and C:N ratio in the three types of soil aggregates identified (Table 4)" rewrite.

Rewrite the following words or sentence: If we; We also analysed. These phrases are useless, start with the results and conclusions directly.

Discussion：

Several factors affected the variability of NIR spectral signals that were not addressed in this study:

1\) Abiotic, such as water flow and dry-rewetting cycles that may disrupt aggregates, and

2\) Biotic, like roots morphology, microbial biomass, and particulate organic matter in the soil.

3\) human-induced, related to the process of identifying and separating BA from the soil block that may result in less precise selection.

\- Delete this "conclusion", this means that your study does not have any additional value for the research topic.

Reviewer \#2: This paper is much improved after revision and it meets the standards of journal publication. I would like to \"Accept\"

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0237115.r004
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PONE-D-20-10139R1

Unveiling the age and origin of biogenic aggregates produced by earthworm species with their NIRS fingerprint in a subalpine meadow of Central Pyrenees

PLOS ONE

Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Abstract：

Redundant information: produced in the lab. produced in the lab \[OK, corrected\]

In the abstract: provide more quantitative data. \[OK, more quantitative data have been provided in the abstract\]

Introduction：

The results will be useful for unveiling the contribution of earthworms in soil aggregation and soil organic matter (SOM) dynamics, so that this methodology can be used in other studies with other earthworm species. Rewrite the objective. \[OK, the objective has been rewritten; we have changed this paragraph a bit. The main objective was to unveil the contribution of earthworms in soil aggregation and soil organic matter (SOM) dynamics in mountain soils.

The last sentence in the introduction emphasizes the need for replicated studies with other earthworm communities and/or soil invertebrates producing biogenic structures by using the same NIRS and PLS regression methodology.\]

Results：

"is listed in The concentrations of C, N and C:N ratio in the three types of soil aggregates identified (Table 4)" rewrite. \[OK, corrected. "The concentrations of C, N and C:N ratio in the three types of soil aggregates identified (Table 4) did not differ statistically (ANOVA, p\>0.05)\]

Rewrite the following words or sentence: If we; We also analysed. These phrases are useless, start with the results and conclusions directly. \[OK, the sentences have been rewritten. "When these data were extrapolated to kg per meter square, the activity of ....."\]

Discussion：

Several factors affected the variability of NIR spectral signals that were not addressed in this study:

1\) Abiotic, such as water flow and dry-rewetting cycles that may disrupt aggregates, and

2\) Biotic, like roots morphology, microbial biomass, and particulate organic matter in the soil.
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